Relative growth is often used as a phenotypic measure to distinguish mutant and wild-type yeast or bacterial strains. Differential growth as a function of temperature is a convenient and accurate means of analyzing differences between strains. Slight differences in the genotypes of two strains frequently result in differential growth of the two strains as a function of temperature. We have developed a chamber for the simultaneous growth of multiple strains in microtiter plates along a temperature gradient. Image analysis was used to determine colony area and number at various times as a function of temperature. This chamber reduces the time required and increases the accuracy in measuring growth as a function of temperature. This occurs by allowing relative growth to be measured along a temperature gradient where all other conditions are constant. Two strains of yeast (Saccharomyces cerevisiae) with a known difference in temperature dependence of growth were used to demonstrate the performance of this chamber. © 1998 Academic Press
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Temperature sensitivity is a common phenotypic trait used to identify and characterize novel mutant strains (1-3). Typical growth techniques utilize either liquid cultures or petri dishes containing cells placed in incubators each at a fixed temperature. An accurate growth profile requires a large number of incubators and a series of time-consuming measurements. A single device for the parallel growth of multiple strains where all conditions are identical except for the temperature range has distinct advantages.
We have developed an apparatus capable of generating a temperature gradient for the simultaneous growth of multiple strains over a wide range of temperatures using common microtiter plates. This chamber can be used with either yeast or bacteria; however, the material presented here focuses on yeast growth. During the incubation period, a picture of each well was captured by a video camera and stored in a computer. Image analysis has been previously used to examine yeast cell volumetric response to osmotic shifts (4), online measurement of cell size (5), and morphological characterization (6) . In our system, image analysis was used to measure the colony number and relative area in each well at various times. Using these techniques, a growth profile over a wide temperature range can easily and accurately be determined for each strain.
As a test of the temperature gradient chamber, we analyzed two yeast strains (UKY499 and ScTt) that display slightly different growth responses to temperature due to a modification in the yeast histone H4 gene (3) . These strains are isogenic except for a difference in the histone H4 genes. Each strain has only a single histone H4 gene, present on a plasmid. The endogenous yeast histone H4 genes have been replaced with selectable markers. The histone H4 proteins in UKY499 and ScTt differ at 23 positions, resulting in a shift of the optimal growth temperature from 33°C in UKY499 to 30°C in ScTt (3). The temperature gradient chamber was used to accurately reproduce this phenotypic response much more quickly than conventional techniques.
MATERIALS AND METHODS

Temperature Gradient Chamber
The cool end of the temperature gradient chamber was connected to a refrigerated water bath (Lauda K-2/R; Brinkmann Instruments) set at a relatively low temperature (10°C). A peristaltic pump (Masterflex pump with a Solid State speed control unit; Cole-Parmer Instrument Co.) was used to circulate cold water from the bath through a copper block at the cool end of the chamber, maintaining the cool end of the temperature gradient at about 20°C (Fig. 1) .
The warm end of the temperature gradient chamber was heated electrically to about 50°C. Insulated nichrome wire was wound within a copper block at the warm end of the chamber and the wire was heated with about 75 W of electrical power, supplied by a variable transformer (Variac; Superior Electric Co.).
The entire growth chamber was surrounded by thick blocks of polyurethane foam (3 cm) for insulation. A linear temperature gradient (y ϭ 13.218x Ϫ 334.77, r 2 ϭ 0.999) of 26 to 44°C was produced by heat flow from the warm copper block to the cool copper block through the aluminum walls, floor, and lid of the chamber (each 1 cm thick). Temperature was measured with a digital thermometer accurate to 0.1°C (GTH 1160; Greisinger Electronics). The temperature gradient chamber holds six 96-well microtiter plates, arranged with three plates placed on the floor of the chamber with the 12-well sides adjacent to one another. A second level of plates can be placed in an upper layer. Each layer has 24 wells along the temperature gradient and 12 wells across the temperature gradient. Therefore, 24 strains can be analyzed simultaneously (12 in each of two layers) with 24-well positions along the temperature gradient. The temperature gradient is about 0.7°C per well. Ports in the lid provide gas exchange with the chamber.
Preparation of Yeast Strains
Each strain of yeast (Saccharomyces cerevisiae) was grown from individual colonies to log phase in separate liquid cultures and briefly sonicated to avoid clumping before determination of cell density (Celloscope; Particle Data Inc.). The cells were grown embedded in a low-percentage agar (0.2%) so that colonies were well separated and would not settle. Equal parts of YPD media (7) containing 2000 cells/ml at 28°C and YPD media containing 0.4% bacto-agar at 55°C (Difco) were thoroughly mixed and 200-l aliquots were delivered into the wells of sterile 96-well microtiter plates (Corning) using an octapipetman. The microtiter plates were cooled for 30 min at 4°C to solidify the agar before the cells could settle. A cap of mineral oil (50 l) was added to each well to avoid desiccation. Yeast cells grew well under these conditions, suggesting that the agar environment was aerobic. S. cerevisiae is capable of anaerobic growth only in the presence of added sterol and unsaturated fatty acids (8) .
Analysis of Yeast Relative Growth
After 18 h of growth, small colonies were observed when viewed through the bottom of the wells at 20ϫ magnification. The addition of mineral oil does not interfere with optics when viewing the colonies from below. Quantitative analysis was performed by collecting images of the colonies using a video camera (Jave-
FIG. 1.
Schematic view of the temperature gradient chamber. Cool water from a refrigerated circulating water bath maintains the left copper block at approximately 20°C, while the right copper block is electrically heated to approximately 50°C. Heat flow through the aluminum sides (not shown), base, and lid (each 1 cm thick) establishes a temperature gradient. The chamber will accommodate six microtiter plates. The aluminum lid has ports for gas exchange and is held down by four wing nuts which facilitate easy removal after incubation.
lin MOS Solid State). The images were stored and analyzed using a computer (Macintosh Quadra 840AV) and image software (NIH Image, version 1.61, developed at the U.S. National Institutes of Health and available on the Internet at http://rsb.info.nih.gov/nihimage/). Colony area (projected area) was determined as pixel area using the Density Slice option from NIH Image 1.61 software and converted to square millimeters.
The number of colonies in each well and average colony area for each well were determined after various incubation times (23, 28, 32, 48, and 73 h). The average colony area was determined only for colonies that were clearly non-overlapping with any other colony in the image, with five or more colony areas being used to determine an average. Colony volume, which is proportional to the number of cells in the colony (particularly at small colony area), is equal to 0.752 ϫ [colony area]
1.5 . For our analysis, colony area was used as a measured metric for growth rate. The average area of the ScTt colonies (in square millimeters) was subtracted from the average area of the UKY499 colonies and this difference was multiplied by the difference between the fraction of UKY499 cells that formed colonies and the fraction of ScTt cells that formed colonies. The resulting value was multiplied by 1000 to produce the metric ''delta'' (⌬).
RESULTS AND DISCUSSION
After 18 h, small colonies were observed for strain UKY499 in the range between 22 and 36°C, however colonies were not detected for strain ScTt. Differential growth of these strains as a function of temperature between 18 and 48 h was dramatic (Fig. 2) . After 2 days of growth, both strains had reached essentially the same maximal colony area in each of the wells that had colonies. Figure 2 shows the colony area as a function of temperature at 1-day intervals over a 3-day period. These profiles are very similar to the growth rate profiles, previously determined, using liquid cultures in a shaking water bath (3). In Fig. 3 , the fraction of cells which form colonies is shown as a function of temperature. The product of the difference in colony area and difference in fraction of cells forming colonies (⌬) for strains UKY499 and ScTt as a function of temperature is displayed in Fig. 4 . This metric is a sensitive measure of differential growth as a function of temperature, particularly if the measurement is performed at a time when the colony area is still increasing. Figure 4 clearly indicates that the greatest differential growth of strains UKY499 and ScTt occurs between 33 and 35°C. This approach provides a powerful tool for characterizing different strains.
The growth chamber allows simultaneous analysis of multiple yeast strains along a temperature gradient and can be used to accurately measure even slight differences in the relative growth rates at different temperatures. The temperature gradient chamber produces a detailed growth profile after only 2 days of incubation. The temperature gradient remains constant on a daily basis assuming constant flow rates at both ends of the device. Similar measurements performed on plates or in liquid culture would require many incubators or water baths and take much more time. In addition, the chamber can easily be used to produce a wide variety of temperature gradients, making it useful for the characterization of a diverse spectrum of cells displaying an anchorage-independent growth phenotype (9) . The temperature chamber could also be used for the study of colony morphology of bacterial strains (10) and to monitor the effect of temperature on yeast autolysis (11) .
